pathway. FCS, but not insulin or IGF-1 induced VSMC proliferation, suggesting that Akt activation is necessary but not sufficient for VSMC proliferation. FCS-induced proliferation of VSMC was only mediated via the Akt pathway and not the ERK pathway. Conclusions: These results define a link between cell proliferation and programmed cell death in VSMC via the same signal transduction pathway, namely activation of the serine / threonine kinase Akt, which may have significant implication for the development of vascular diseases or remodeling.
Introduction important determinant of vascular integrity and lesion formation. The differentiated state of vascular smooth muscle cells
It is now well known that in response to a variety of (VSMC) within atherosclerotic and restenotic lesions in different stimuli, cells can initiate highly conserved sigman as well as lesions generated following vascular injury naling events, which lead to either cell proliferation or in animals is altered with regard to normal medial VSMC programmed cell death (apoptosis). Growth factors such as [1] [2] [3] . This is characterized not only by extracellular PDGF [9] , transforming growth factor beta-1 [10], basic matrix production and cell migration, but also by contrastfibroblast growth factor [11] or angiotensin II [12] , have ing phenomena such as cell death and cell proliferation been shown to activate the mitogen-activated protein [4] [5] [6] , which has been the classical paradigm for the kinase (MAPK) cascade via ERK 1 / 2, which is critical to development of vascular diseases [7, 8] . However, recently the mitogenic response and cellular differentiation [13, 14] . it has become more evident that the balance between Recent studies provide evidence that another kinase, the changes in regulation of cell growth and cell death is an serine / threonine kinase Akt, plays a key role in matrix adhesion and integrin-mediated signal transduction, as well as suppression of apoptotic cell death induced by growth factor deprivation [15] [16] [17] . The activation of Akt seems to be mediated by the phosphoinositide 3-OH kinase (PI3K), pcDNA3.1-Aktmt or pcDNA3.1) and 30 ml Superfect which stimulates phosphorylation of Akt by activating (Qiagen GMBH, Hilden, Germany). After transfection, protein kinase B /Akt kinases (PDK-1 and PDK-2) [18- cells were incubated for 12 h and then starved in serum-20]. The down-stream targets of Akt include the glycogen free medium (SFM) for an additional 12 h prior to synthase kinase-3 and possibly the p70 ribosomal S6 stimulation as described above. 12 h after stimulation, cells kinase [21, 22] , although neither of these substrates acwere fixed in 2% formalin / 0.2% glutaraldehyde and viable counts for the involvement of Akt in cell attachment.
or dead transfected cells were identified, using b-galactoFurthermore, Akt has recently been shown to phosphorsidase staining, after incubation with 40 mg / ml X-gal for 6 ylate the pro-apoptotic protein Bad, thereby inhibiting its h at 378C. Cells were counted by two blind investigators pro-apoptotic function, which may account for the antiand results were expressed as dead / viable cells3100. apoptotic effect of Akt [23] [24] [25] .
Transfection efficiency was 8-10%. Oxidative stress, inflammation, endothelial denudation, have all been implicated in the promotion of proliferation 2.3. Determination of Akt activation on one hand and programmed cell death on the other hand in VSMC [26, 27] . However, the mechanisms and auto-VSMC were lysed (20 mM Tris (pH 7.4), 150 mM crine-paracrine factors leading to proliferation or apoptotic NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM cell death in VSMC are not well established. Recent sodium pyrophosphate, 1 mM b-glycerolphosphate, 1 mM studies have demonstrated that insulin or insulin-like Na VO , 1 mg / ml leupeptin, 1 mM PMSF) for 5 min on 3 4 growth factor IGF-1 and other signaling molecules, such as ice. Cells were scraped off the plates and sonified (with a the cytoplasmic insulin receptor substrate-1 (IRS-1) exert Branson Sonifier). Protein concentration was determined anti-apoptotic effect via the PI3K /Akt kinase pathway and using Biorad reagent (Munchen, Germany). Proteins (50 less frequently the ERK pathway in different cell types mg per lane) were loaded onto 9% SDS-polyacrylamide [28] [29] [30] . gels and blotted onto PVDF membranes. Incubation with Therefore, one aim of the present study was to investiphospho-Akt (Biolabs, Schwalbach, Germany) 1:500 or gate the effect of insulin on H O -induced apoptosis in phospho-ERK-antibodies (Biolabs, Schwalbach, Germany) 2 2 VSMC and to determine, if the PI3K /Akt kinase pathway 1:1000 was performed at 48C overnight in TBS (50 mM acts as the downstream signal transduction pathway. We Tris / HCl, pH58; 150 mM NaCl, 2.5 mM KCl), 0.1% demonstrate that insulin as well as IGF-1 stimulate phosTween-20, 3% bovine serum albumin (BSA). After incubaphorylation of Akt in a time-dependent manner, which was tion with the second antibody (anti-rabbit: 1:4000) for 1 h, mediated by PI3K. Additionally, insulin-mediated Akt enhanced chemiluminescence was performed according to activation resulted in suppression of H O -induced apopthe instructions of the manufacturer (Amersham, Ger- 2 2 tosis in VSMC. Furthermore, we show that growth factormany). Blots were re-probed with actin (Boehringer Manninduced smooth muscle cell proliferation is mediated via heim, Germany) 1:2000 to determine equal protein loadthe PI3K /Akt signal transduction pathway.
ing. Blots were then scanned and semi-quantitatively analyzed.
Methods

Detection of apoptosis
Cell culture
For morphological staining of nuclei, cells were centrifuged for 10 min at 7003g, then fixed in 4% formaldeRat vascular aortic smooth muscle cells were plated 24 h hyde and stained with DAPI (0.2 mg/ml in 10 mM 5 before transfection at a seeding density of 1.2310 cells Tris-HCl, pH57, 10 mM EDTA, 100 mM NaCl) for 20 2 per cm in DMEM F-12 medium (GIBCO, Grand Island, min. Three visual fields were counted by two independent NY, USA), supplemented with 10% fetal calf serum blind investigators and the percentage of apoptotic cells (GIBCO, Grand Island, NY, USA), 100 U / ml penicillin per total number of cells was determined. and 100 mg / ml streptomycin.
FACS analysis 2.2. Transient transfection
Cells were grown as described above and starved in The dominant negative Akt-mutant (Aktmt) [31] was serum-free medium for 48 h prior to stimulation with FCS. digested with HincII /EcoRI and subcloned into the respecCells were then resuspended in 900 ml PBS and precipitive sites (EcoRV/ EcoRI) of pcDNA3.1 (In vitrogen, NV tated in 2.1 ml of ice-cold 100% ethanol for 2 h at 2208C. Leek, The Netherlands). Cells were cotransfected with Cells were then pelleted for 10 min at 200 rpm and either the native pcDNA3.1, lacking an insert, and resuspended in 640 ml PBS, 160 ml propidium iodide (20 pcDNA3.1-lacZ as a control or pcDNA3.1-Aktmt and mg / ml) and 8 ml RNase (100 mg / ml) for 30 min prior to pcDNA3.1-lacZ (1 mg pcDNA3.1-lacZ and 2 mg FACS analysis.
2.6. Cell proliferation assay enzymatic Akt activity (data not shown) [31] . Exposure of cells to IGF-1 and insulin promotes phosphorylation of Akt Cells were grown in 96-well plates for 24 h and starved lasting up to 6 h ( Fig. 2A 
. Involvement of PI3K on FCS-, insulin-and IGF-1-test (SPSS-software). mediated Akt phosphorylation in VSMC
To elucidate the signal transduction pathways underly-3. Results ing the activation of Akt phosphorylation by FCS, insulin and IGF-1, we tested the influence of the PI3K, which has 3.1. Effect of serum, IGF-1 and insulin on Akt been described to mediate Akt-stimulation in other cell phosphorylation in VSMC systems [19, 21] . Therefore, the effect of Ly294002 and wortmannin, two unrelated, but specific inhibitors of the As shown in Fig. 1A exposure to FCS. In contrast, the PI3K inhibitors did not Akt in cells stimulated with IGF-1 (Fig. 3B) or insulin affect the FCS-induced phosphorylation of ERK 1 / 2 (Fig.  (Fig. 4, upper panel) , thus clearly demonstrating PI3K 3A, upper panel). Co-incubation of cells with Ly294002 or dependency. wortmannin also reduced or prevented phosphorylation of Moreover, PD98059, which prevents ERK-phosphoryla- To also test the involvement of FCS on phosphorylation of the MAP-kinase, ERK-1 (p42) and ERK-2 (p44), western blots were re-probed using specific antibodies against phosphorylated ERK in the presence or absence of the specific PI3K inhibitors Ly294002 (Ly) (10 mM) or wortmannin (Wm) (20 nM) (Fig. 1A, upper panel) . Results are shown as representative for three different experiments. Data are expressed as mean6S.D. after densitometric quantification (lower panel). tion by inhibiting the up-stream kinase MEK, did not VSMC, which was partially reversed by co-incubation of affect insulin-induced Akt phosphorylation (Fig. 4, upper cells with the specific PI3K inhibitor wortmannin (Fig.  panel) . Thus, taken together, PI3K-dependent phosphoryla-5B). As FCS was also shown to induce phosphorylation of tion of Akt and phosphorylation of ERK are mediated by ERK, cells were co-incubated with the specific MEK distinct pathways.
inhibitor PD98059 (PD), which partially reversed the antiapoptotic effects of FCS on H O -induced apoptosis in 2 2 3.3. Involvement of insulin on H O -induced apoptosis VSMC. Addition of both inhibitors, WM and PD98059, 2 2 in VSMC via the Akt pathway had an additive inhibitory effect on the anti-apoptotic function of FCS (Fig. 5B ). This suggests that the Akt and Since insulin has been known to have anti-apoptotic the ERK pathway mediate the anti-apoptotic function of effects via the PI3K /Akt pathway in other cell types, we FCS. tested whether insulin had anti-apoptotic effects on H OTo further demonstrate that the PI3K-stimulated Akt cell death compared to non-stimulated cells, as assessed by specifically inhibited by expression of a dominant negative morphological analysis of fluorescence-stained nuclei (Fig. mutant in VSMC. Thus, VSMC were cotransfected with 5A). Co-incubation of cells with insulin significantly b-galactosidase and a dominant negative Akt-mutant. reduced the rate of H O -induced apoptosis. Ly294002
Subsequently, apoptosis was induced by stimulation with 2 2 and wortmannin partially inhibited the protective effect of H O . Transfected cells were identified by b-galactosidase 2 2 insulin on H O -induced apoptosis in VSMC. These results staining and viable versus dead cells were counted (Fig. 6 ). by expression of the dominant negative mutant signifiis at least in part mediated by the PI3K /Akt pathway. cantly reduced the suppressive effect of insulin on apoptosis, thus demonstrating that the anti-apoptotic effect of 3.
Involvement of the Akt kinase pathway on growth factor-induced VSMC proliferation
It has been previously shown that different growth factors can induce proliferation of VSMC. We therefore tested the involvement of FCS, insulin and IGF-1 on proliferation of VSMC. Using a cell proliferation assay, FCS was shown to induce proliferation of VSMC, whereas no significant proliferation was observed, when cells were stimulated with insulin or IGF-1 (Fig. 7A) . To test the involvement of the PI3K /Akt pathway on FCS-induced proliferation of VSMC, FACS analysis was used. Stimulation of cells with FCS resulted in an almost ten-fold increase of cells entering the S-phase of the cell cycle (Fig.  7B) . Co-incubation of cells with the specific PI3K inhibitor Ly294002 partially reversed the proliferative effect of FCS Fig. 6 . Transfection of VSMC with a dominant negative Akt-mutant on cell cycle progression in VSMC (Fig. 7B and C) , thus reduced the anti-apoptotic effects of insulin on H O -induced apoptosis. 2 2 demonstrating that the effect of FCS on proliferation of VSMC were transiently cotransfected with pcDNA3.1 (vector, 2 mg) or VSMC is at least in part mediated via the PI3K /Akt pcDNA3.1-Aktmt (Aktmt, 2 mg) and pcDNA3.1-b-galactosidase (1 mg) pathway and that Akt is necessary but not sufficient to and incubated for 12 h to allow protein expression. Cells were then starved in serum-free medium for 12 h and subsequently apoptosis was mediate proliferation in VSMC.
induced by stimulation with H O (100 mM) in the presence or absence 2 2 To test if the ERK 1 / 2 pathway has additional effects on of insulin (100 nM). Moreover, co-incubation of cells with PD98059 and the 2 2 Fig. 7 . Growth factor-induced VSMC proliferation and the involvement of the PI3K /Akt-pathway: Cells were starved in serum-free medium for 48 h prior to stimulation of VSMC with FCS, insulin or IGF for 24 h. (A) Proliferation of VSMC was determined using a MTT cell proliferation assay. Proliferation was expressed in percent relative to non-stimulated cells. (B) To also determine the effect of the PI3K on FCS-induced proliferation of VSMC, cells were co-incubated with the specific PI3K inhibitor Ly294002 (Ly) (10 mM) and subsequently subjected to FACS analysis as described in the Methods section. Cells in S-phase were quantified and data are expressed as mean6S.D., n54, with * P,0.05 versus 1FCS (B). A representative FACS analysis is shown in panel C. specific PI3K inhibitor WM did not result in a significantly 4. Discussion greater reduction of the FCS-induced cell proliferation, than with WM alone. These results suggest that FCS Proliferation and apoptotic cell death of smooth muscle induces cell proliferation mainly via the PI3K /Akt pathcells play a critical role in the response to vascular injury way (Fig. 8) . [2, 4, 32] . Therefore, identifying factors that regulate cell of Akt, insulin and IGF-1 failed to activate the ERK 1 / 2 pathway in VSMC, which is in accordance with recent studies by Pukac et al. [42] . Therefore, the ERK 1 / 2 pathway is unlikely to participate in insulin-mediated apoptosis suppression. However, controversial effects of insulin on MAP-kinase signaling have been demonstrated by other groups [43] . Cospedal and coworkers described an increase in ERK 1 / 2 activity after stimulation of rabbit VSMC with IGF-1 [44] . Discrepancies between these studies may be due to differences in species and phenotype. This is supported by a recent publication demonstrating that the cross talk between Akt and ERK 1 / 2 depends on the differentiation stage and that Akt can, under certain condition, even inhibit the raf-ERK 1 / 2 pathway [45] , which indicates that the signal transduction transcriptionally up-regulate anti-apoptotic proteins such as Bcl-2 [46] . According to our data, activation of the PI3K / Akt pathway seems only partially to be responsible for the proliferation on one hand or cell death on the other hand effect of insulin on suppression of apoptosis in VSMC, may have important implications for the treatment of thus suggesting that additional pathways may still be vascular diseases. To date, several growth factors have involved. been identified in promoting cell proliferation [33, 34] and Different downstream cellular targets of Akt have been cell survival of VSMC [35] . The signaling pathways described, which may indicate the apoptosis-suppressive mediating these effects, however, are not entirely chareffect of Akt, including phosphorylation of the pro-apoacterized. Previous studies have shown that the ERK ptotic protein Bad [23, 24] . During the preparation of this pathway and potentially the PI3K /Akt pathway may be manuscript, Bai et al. reported that stimulation of VSMC involved in mediating these effects [36] [37] [38] [39] [40] [41] . The major with IGF-1 resulted in phosphorylation and thus inhibition finding of this study is that stimulation of VSMC with of the pro-apoptotic protein Bad [25] . However, other different growth factors, such as insulin, IGF-1 or FCS, all studies failed to demonstrate a causative role of Badmediate phosphorylation of the Akt-kinase via activation phosphorylation in Akt-mediated cell survival in other cell of PI3K, although with different cellular morphological types [47, 48] . Alternatively, Akt has been shown to alterations in VSMC. Stimulation of cells with FCS causes directly inhibit activation of apoptosis executing caspase cell proliferation and promotes cell survival, whereas cascade, e.g. via phosphorylation of the caspase-9 [49] . stimulation with insulin and IGF-1 only promotes cell Thus, multiple pathways may be involved in Akt-mediated survival via protection from programmed cell death. suppression of apoptosis [50] . Activation of the PI3K /Akt pathway has been shown to The second part of our study evaluated the role of the inhibit apoptosis in a variety of other cell types PI3K /Akt pathway in growth factor-induced cell prolifer-[15, 17, 23, 30] . Similarly the present data demonstrate that ation, which is less well established. Using FACS analysis Akt phosphorylation mediates the anti-apoptotic effects of and MTT cell proliferation assays, our data demonstrate, insulin on H O -induced apoptosis in VSMC. This was that serum-induced proliferation of VSMC was mainly 2 2 confirmed by overexpression of a dominant negative Aktmediated via the PI3K /Akt kinase pathway. These data mutant, clearly indicating that the down-stream target of complement other recent studies, which have shown the PI3K, Akt, mediates this effects. Interestingly, the increased growth factor-induced DNA synthesis or amino PI3K /Akt pathway seems only partially responsible for the acid uptake mediated via the PI3K /Akt pathway in VSMC apoptosis-suppressive effect of insulin. The MAP-kinases [51, 52] . Likewise, the phenotype of VSMC appears to be ERK1 / 2 are known to exert potent anti-apoptotic effects determined by the balance of the PI3K /Akt and the MAPK and therefore could contribute to the protection achieved (ERK / p38) pathways [53] . Furthermore, the downstream by insulin / IGF-1. However, in contrast to the stimulation mechanisms underlying the Akt-mediated proliferative
